Repair of the rotator cuff requires secure reattachment, but large chronic defects cause osteoporosis of the greater tuberosity which may then have insufficient strength to allow proper fixation of the tendon. Recently, suture anchors have been introduced, but have not been fully evaluated.
these lesions, but early failure of the repair of large defects is common, in spite of improvements in surgical technique. 2 The McLaughlin method 3 of reattaching the tendon into a bony trough is widely practised. The ideal fixation would maintain the abutment of tendon to bone to allow physiological repair by Sharpey's fibres during rehabilitation of the shoulder. 4 Early mobilisation, however, jeopardises the integrity of a rotator cuff repair. The dilemma between protecting a repair and early mobilisation to prevent stiffness and weakness has yet to be resolved. Suture anchors are now used during arthroscopic stabilisation of the shoulder since they allow minimally-invasive placement, but they have not been fully evaluated. Disuse osteoporosis of the greater tuberosity may make this an inappropriate site for fixation of a suture anchor, and we considered that anchorage to the adjacent lateral humeral cortex would be stronger.
Previous tests of repair strength [5] [6] [7] [8] [9] used 'static' distraction by a single elongation to failure. As early movement of the shoulder is required after operation, we felt that cyclic loading would be a more realistic method of evaluating the strength of a repair.
MATERIALS AND METHODS
The suture material used was No. 2 braided polyester (Surgibond, Redditch, UK) which has a strength of 132 ± 5 N at 23% elongation. It was chosen because of its strength and stiffness. 10 The suture anchor was the Mitek GII (Mitek Products; Ethicon Inc, Boston, Massachusetts) which has a bulletshaped titanium-alloy body with an eye for suture attachment and two nitinol wire barbs, which catch in the bone.
For the in vitro tests we used pairs of fresh-frozen cadaver shoulders obtained at postmortem. They comprised the proximal 100 mm of the humerus with all its capsular and muscle attachments, and approximately 80 mm of supraspinatus. The specimens had a mean age of 67 years similar to that of patients having surgery to the cuff, but did not show the osteoporosis often found in this condition.
Static tensile tests
Suture-anchor attachment. Since the attachment eye of the suture anchor was rounded at the end, but had sharp edges at the sides, the suture-to-anchor attachment was tested in line with the anchor (axial load) and at 90° to it (transverse load), with six specimens in each group. A 200 mm length of suture was threaded through the anchor forming a 100 mm loop. The suture ends and the suture anchor were clamped in the soft-faced vice jaws of an Instron 1122 materials testing machine and the suture extended to failure at 50 mm/min. Rotator-cuff repairs. The shaft of the humerus was cleared of soft tissue and mounted in a steel pot using polymethylmethacrylate bone cement. The soft tissue was dissected from the head leaving the supraspinatus muscle with small amounts of cuff tissue on each side. A 30 mm defect was created by cutting across the attachment of the supraspinatus, and a matching 30 mm trough, 3 mm deep and 5 mm wide, was formed medial to the greater tuberosity at the edge of the articular cartilage.
Holes were drilled 12 mm apart for two Mitek anchors in each specimen, either in the base of the trough or in the lateral cortex, using the Mitek 2.7 mm drill. The holes in the lateral cortex were 25 mm distal to the tip of the greater tuberosity, which would avoid the axillary nerve in clinical practice. Four bone tunnels, 2 mm in diameter, were drilled from the base of the trough to the lateral cortex, 8 mm apart, for the sutures in specimens with laterally-placed anchors.
Three anchor placements were tested: 1) in the base of the trough (Fig. 1a) ; 2) in the lateral cortex of the humerus, perpendicular to the surface (Fig. 1b) ; and 3) in the same site in the lateral cortex, but directed 45°c audally (Fig. 1c) . In methods 2 and 3, the sutures were passed proximally through the bone tunnels, leaving four sutures in the base of the trough in all groups. The tendon was sutured using a modified Snyder technique 7 ( Fig. 2) : one end of each suture was not locked in the tendon, allowing it to slide through the anchor and pull the tendon into the trough. Two such sutures were used in each repair, each with an anchor. Two supplementary horizontal mattress sutures with a single pass through the tendon were placed across the surface of the tendon defect and through the bone of the greater tuberosity, where they were knotted on the lateral aspect, inverting the tendon edge, so that eight suture strands crossed each repair. The tissues were transected on either side of the supraspinatus. Six pairs of shoulders were used to compare methods 1 and 2 and a further six pairs to compare methods 2 and 3.
During testing, the supraspinatus was grasped in cryojaws 11 with the humerus held in an angled device simulating 30° abduction. The repair was loaded to failure at 50 mm/min and the relationship of the force to the crosshead movement recorded graphically. The loads at which the tendon end was pulled above the rim of the trough when the repair failed, and the mode and site of failure were noted. The results were tested for significant differences between groups using Student's unpaired t-test for the suture-to-anchor attachment strengths, and the paired t-test for the paired cadaver specimens. Cyclic load tests. Seven pairs of shoulders were prepared as above. In one of each pair (side A), the defects in the supraspinatus were repaired with suture anchors as in method 3. In the other (side B), the repair was the same in the tendon, but the sutures rested on the bony bridges between the tunnels on the lateral aspect.
The specimens were mounted in the Instron machine as described above. Ten load cycles from zero to 50 N were applied at 50 mm/min. The maximum force was then increased to 100 N for ten cycles, and by 50 N for each subsequent set of ten cycles until failure. Graphs were plotted for the force versus the crosshead displacement.
RESULTS

Static tensile tests
Suture-anchor attachment. The sutures failed in transverse loading by cutting on the edge of the Mitek eye at 42 ± 4 N. In axial loading suture failure occurred at the Mitek eye at 200 ± 9 N (p < 0.001). Rotator cuff repairs. Method 1, with the anchors in the trough, failed at 147 ± 74 N, and method 2, with the anchors at 90° to the lateral cortex, at 363 ± 120 N (p = 0.014).
Comparing method 2 with method 3, with the anchors at 45° to the lateral cortex, failure was at 299 ± 59 N and 322 The three sites of insertion of the suture anchor. Fig. 2 Part of the method of tendon suture. Two such sutures, plus mattress sutures, were used in each repair.
± 54 N, respectively (p = 0.183). Method 1 always failed by anchor extraction. In methods 2 and 3 all the anchors remained in situ and failure was by a combination of breakage of the suture at the anchor or away from it, and by cutting out of the suture from the tendon. Early failure occurred by the suture cutting on the eye if the anchor protruded from the surface in method 2. Cyclic load tests. All repairs showed permanent incremental deformation with each load cycle and a larger elongation during the step-up to a larger maximum force (Fig. 3) . The sutures cut through the tuberosity and the tendon with a sawing action as they stretched and contracted, as well as gripping the tendon fibres tighter (Fig.  4) . After the 100 N increment (i.e., a total of only 20 load cycles), there was a permanent deformation of 6.7 ± 1.8 mm for side A and 4.9 ± 1.5 mm for side B, with sutures lying over the bone (p = 0.155).
Ultimate failure occurred at 227 ± 41 N for side A and 238 ± 80 N for side B. The mean deformation at failure, allowing for gap formation at the repair site, was 18 mm in side A and 14 mm in side B (Figs. 3 and 4) . Failure was by breakage of the suture at the knots and suture anchors; no anchors dislodged and the tendon attachments all remained intact. Typical appearances of repairs after cyclic loading (a) with, and (b) without suture anchors. Note how the sutures have sawn into the bones (arrows) and torn into the tendon. The suture anchors did not move. These specimens did not have superficial mattress sutures.
DISCUSSION
The strength of repairs of the rotator cuff is compromised by the poor quality of tissues adjacent to a chronic defect. Attempts have been made to increase the strength by using polymer pads to protect the bone from 'cheesewiring', 5, 6 and by employing multilooped suture techniques to grasp the tendon. 7, 8 Suture anchors provide a relatively quick and easy method for reattaching a supraspinatus tendon. We were, however, concerned that it might not be appropriate to place the anchors into the osteoporotic cancellous bone seen in a chronic cuff defect, particularly since early rehabilitation subjects repairs to cyclic forces. Although Hecker Amis 12 concluded that, since the cortex thickens away from the joint, anchors should be placed as far from it as possible, subject to surgical restraints, but with sutures this must be balanced against elastic extension, which is proportional to their length. The tendon end was pulled back to the edge of the trough at approximately 200 N, and even further after cyclic loading (Fig. 3) . Movement of the tendon relative to the trough may affect healing. Since the barbs on the anchors were small, they pulled through cancellous bone until they reached the cortex. Thus moving the anchors from the cancellous tuberosity to the lateral cortex significantly increased strength and none dislodged.
In the unloaded arm a supraspinatus tension of 300 N has been estimated in 30° active abduction 15 . Our results suggest that a rotator cuff repair with lateral cortical anchorage will have sufficient strength to sustain early rehabilitation with assisted passive movement. Repetitive application of even small forces, however, caused significant gap formation. Early mobilisation may therefore be detrimental to the reattachment of tendon to bone, and our clinical practice has changed accordingly.
The method of repair which we describe can be performed through a limited surgical exposure. We found no advantage from the use of suture anchors; failure occurred elsewhere. Further work is needed to investigate the strengths of surgical techniques and to reduce the high failure rate of repairs. Tests must include cyclic as well as static loading.
